Introduction
Regulation of the vascular system is essential for tissue growth and homeostasis, and aberrant vascular signalling has been implicated in a vast number of diseases, such as cancer, diabetes, arthritis, macular degeneration and cardiovascular disorders [1] . The majority of research examining endothelial function has focused on the effects of secreted growth factors and cytokines such as vascular endothelial growth factor, fibroblast growth factor, transforming growth factor (TGF)b and a host of other molecules on endothelial cell signalling and physiology. Although these factors undoubtedly play a critical role in regulating cardiovascular development, function and disease, a growing number of studies indicate that endothelial physiology, as well as that of many other cell types, is directed by an intimate combination of physical, chemical and biological cues present in the tissue microenvironment [2, 3] . Over a century ago, physical cues were hypothesized to play important roles in tissue development and there are no better examples in the human body than the deleterious effects of microgravity on bone structure [4] and hypertension on cardiovascular function [5] . However, almost all organisms have evolved specific structures that are tailored to respond to nano-and macroscale physical forces whereby cells are able to detect and respond to external forces through mechanically induced conformational or organizational changes in cellular molecules, such as stretch-sensitive ion channels, G protein coupled receptors, tyrosine kinase receptors, cadherins and integrins located on the plasma membrane and in cell-to-cell and cell-to-extracellular matrix junctions [6] .
Over the past decade, a large number of studies have manipulated endothelial tension, compression and shear stress aiming to determine how mimicking blood flow affects endothelial function [7] . Despite the progress made in this area, many of the mechanisms regulating how extrinsic mechanical stresses affect endothelial physiology remain unknown, and the implications of such studies are primarily limited to extrapolations of how lumenal blood flow from normal, hypertensive and sclerotic conditions affects endothelial cells. A wealth of primarily qualitative evidence suggests that cell morphology-specific regulation of mechanotransduction is essential for cellular fate decisions such as proliferation, apoptosis, differentiation and quiescence [8] [9] [10] [11] [12] . For example, restriction of endothelial cell spreading using micropatterned substrates induces cell cycle arrest and apoptosis [8] . Alternatively, cell proliferation increases when cell spreading is allowed, whereas cells preferentially undergo differentiation in a moderately spread state. Endothelial migration is significantly more guided and regulated on narrower adhesive surfaces than on larger ones and geometric cues have been shown to modulate endothelial differentiation [13] . Other cells types may show distinct phenotypes solely on morphological alterations. For example, it has been reported that human stem cells can be directed to osteogenic or adipogenic developmental lineages by simply manipulating cell shape and thereby altering cellular mechanics [14] , although more recent follow-up studies conducted in a separate laboratory suggest that adipogenic potential is not dependent on cell geometry [15] . Previously reported data obtained in our laboratory and others indicate that alterations in cell shape and cytoskeletal dynamics are capable of markedly overriding external mitogenic signalling [12, 16] . This suggests that, as opposed to a model in which cell proliferation, death and differentiation are largely independent of cell shape, these processes are coordinately regulated and modulated by cellular mechanics. Thus, the local differentials in growth factors, biochemistry and internal and external mechanical stress synergize to modulate the specificity that drives tissue heterogeneity during development, normal function and disease.
Cell shape changes have been associated with nuclear shape remodelling [11, [17] [18] [19] . It has been hypothesized that the transduction of mechanical information through cytoskeletal/nuclear coupling results in alterations that modulate chromosomal architecture and subsequent accession of transcription factors to their target genes [20] [21] [22] [23] [24] . Indeed, recent work has demonstrated that large-scale changes in cell shape induce alterations in chromosome condensation leading to marked effects on cell proliferation [25] . Thus, distinct cellular morphologies may drive the patterning of unique cytoskeletal architectures that govern global gene expression [26] . Despite these findings, it is not known how cell shape and its effects on cytoskeletal structures modulate global transcriptional patterns.
Although the normal surface of arteries is smooth, atherosclerotic arteries are characterized by irregular arrangement of endothelial cells, compromised monolayer integrity, irregular protrusions in the shape of scales or plates, and altered endothelial cell geometry [27, 28] . Thus an understanding of how endothelial cell shape changes affect cellular function may shed light on the deregulation of endothelial cells during aberrant states such as hypertension, arteriosclerosis and coronary artery disease. In the present study, we examined the global gene expression changes that occur when human coronary artery endothelial cells (HCAECs) are shape and spread restricted by micropatterning into reproducibly unique cellular morphologies that are distinctive in polarization, morphological angularity and actin cytoskeleton patterning. Given the wealth of data suggesting that cell shape and cytoskeletal patterning can alter cellular physiology across a large number of cell types, we specifically investigated whether unique alterations in these cellular properties are capable of modulating global gene expression changes in endothelial cells. Our data demonstrate that geometric restriction induces dramatic alterations in the HCAEC transcriptome, although these changes are independent of the exact cell shape and/or actin orientation assumed by the cell. 
Results

Quantitative analysis of cell shape-induced cytoskeletal and nuclear changes in HCAECs
To determine how cell shape alterations regulate the endothelial transcriptome, we must first utilize a system that manipulates cellular morphology at the same time as consistently maintaining all other growth variables. Accordingly, we seeded HCAECs on collagen I-coated spatially defined micropatterns, allowing cells to adapt to reproducible large (1600 lm 2 ) geometric patterns, including a disc, crossbow, H, Y and L (Fig. 1A) . We specifically utilized this cell type because endothelial cells of the coronary artery are constantly exposed to cyclic mechanical changes from blood flow during normal physiological processes and disrupted mechanical changes as a result of abnormal blood flow, cell shape deformation and loss of polarization during coronary artery disease. The size of the micropattern was specifically chosen because we tested micropatterns restricting the cells to either 700 or 1100 lm 2 ; however, at these sizes, the cells failed to reproducibly conform to the intended shape (data not shown). Moreover, larger micropatterns would allow multiple cells to attach to one micropattern, thus dramatically affecting reproducibility of cell shape. As a control for nonrestricted morphology, cells were also plated at subconfluent levels on the chip in an area coated in collagen I. These patterns were specifically chosen for their ability to alter cell polarization (because this affects stress fibre architecture and nuclear orientation) [25] and the angularity of the cells' morphologies. Disk-shaped cells adopted a round morphology with obtuse cellular edges and random polarization. Crossbow and H-shaped cells exhibit a combination of obtuse and acute edges and become strongly and moderately polarized, respectively. Y-and L-shaped cells were dominated by acute angles, with strong polarization in the Y-shaped cells and no polarization in the L-shaped cells.
To quantify how endothelial cell shape drives actin cytoskeleton patterning, we performed immunofluorescent confocal imaging of normally-shaped and micropatterned HCAECs labelled with rhodamineconjugated phalloidin (which stains the actin cytoskeleton), phosphorylated focal adhesion kinase (which stains cellular attachments to the extracellular matrix) and 4′,6-diamidino-2-phenylindole (DAPI) (which highlights the nucleus) (Fig. 1B) . For a full understanding of the quantitative differences in the actin cytoskeletal orientation of each immunofluorescent image, we implemented algorithms to separate the structures of interest from the remainder of the image, thus allowing us to describe the image quantitatively rather than using standard qualitative methods. Accordingly, we employed techniques for linear feature extraction to segment and obtain orientation and length of the actin fibres from each image. The techniques included preprocessing the images to enhance foreground elements, actin fibre detection using [29] and filtering including thresholding and mathematical morphology (Fig. 2) . Figure 2B provides a more suitable input image to FIBERSCORE for detection because the actin fibres are brighter and display higher contrast. Figure 2C ,D shows the correlation and orientation outputs of FIBERSCORE and is used for further analysis of length and orientation, respectively.
We first statistically analyzed the actin fibre orientations using images similar to those shown in Fig. 2D to quantitatively illustrate that HCAECs conforming to one micropatterned shape are indeed unique in cytoskeletal organization compared to those of another micropatterned shape. Immunofluorescent actin images from each shape were tiled into grid regions and the two-sample Kolmogorov-Smirnov (KS) test [30] was utilized to determine whether fibre orientation between cell shapes is truly unique and reproducible in structure (Table 1) . High scores (closer to 1.0) occur when actin fibre orientations are largely dissimilar between cells and were observed across shape to shape comparisons. With the exception of normal-shaped cells (which demonstrated high actin orientation variability), we find relatively low rejection scores when comparing all the individual cells with their underlying cumulative tiling, meaning that cells of the same shape have fibre orientations more similar to each other than to other shapes. Note that these comparisons are not symmetric (e.g. comparing X-bow to disk yields slightly different scores than disk to X-bow). This asymmetry is a result of the fact that the orientation of individual images is being compared to the cumulative histogram of a specific shape; we are thus comparing individual disk image fibre orientations with the (Fig. 3A-C ). This 3 9 3 tiling is applied in the same manner to all images; the consistency in the KS test results indicate the robustness of the results with respect to this choice of tiling. Note that in regions where it appears that there are no fibres and thus no orientation information (e.g. Y-shape left upper and lower corners) as a result of image variation, we do obtain a small amount of orientation information, as shown in Fig. 3C . We then analyzed the median fibre length using images similar to Fig. 3C between normal and micropatterned HCAECs using the previously described modified FIBERSCORE analysis. As indicated in Fig. 3D , the median fibre length (AE SEM) for normal-shaped HCAECs was significantly greater (6.84 AE 0.9 lm) than for crossbow-(2.9 AE 0. [25] indicated that cell elongation and spreading is a key parameter of nuclear deformation and this process is absolutely dependent on lateral compressive forces generated by an actomyosin-mediated mechanism. It was further demonstrated that cell elongation leads to successive changes in the level of chromatin condensation as the nuclear shape index is decreased. To test whether changes in cell shape in general (as opposed to solely cell elongation, as shown previously) [25] induce nuclear deformation, we analyzed top and side images of the nuclei from normal and micropatterned HCAECs using confocal microscopy (at least 40 nuclei per condition). The prototypical HCAEC nucleus is 15-18 lm long by 5-8 lm high and maintains a distinctive oval appearance (Fig. 4A, left) , whereas deformed nuclei show variability from this norm, as shown in Fig. 4A (middle and right) . Although irregularity in nuclear shape occurred relatively infrequently in normal-shaped cells (~6% of the cells exhibited nonprototypical nuclei), the percentages were significantly higher in the micropatterned HCAECs, ranging from just over 20% of the L-and Y shaped cells to approximately three-quarters of the population in disc shaped cells (Fig. 4B ).
Morphological restriction in HCAECs results in large-scale changes in endothelial global gene transcription independent of the unique shape adopted Distinct micropattern-mediated alterations in cell shape have been shown to affect lineage specification in mesenchymal progenitor cells [14] , although less is known regarding how changes in cell morphology affect terminally differentiated cell types (such as an endothelial cells). Thus, we sought to address two questions: (a) does morphological restriction affect endothelial global transcription and (b) does a distinct cellular morphology uniquely affect endothelial global transcription. Using the reproducible micropatterning system described above, we can effectively address both questions.
We performed whole genome microarray analysis on total RNA collected from nonrestricted and micropatterned HCAECs cultured on 96-well collagen I-coated micropatterned plates and grown in standard growth media. The nonrestricted cells were grown at low Although seeding density was controlled in these experiments to minimize cell-to-cell contact (particularly in the control samples where cellular interactions are possible), it is probable that the use of rich growth media encourages the proliferation of the nonrestricted cells but, because shape restriction has been shown to inhibit proliferation [8] , is unable to do so in the shape-restricted cells. This could potentially induce bias in the interpretation of the data from the unrestricted HCAECs as a result of differences in cell cycle progression or cell-to-cell contacts that arise between the mother and daughter cells following mitosis. To address this potential concern, we performed the same micropatterning experiment as described above, except the cells in both the nonrestricted and shape-restricted conditions were serum starved for 48 h before RNA collection to block cell proliferation, thus eliminating variables such as cell-to-cell contact, cell cycle (Fig. 5C ). The complete microarray data set for the serum starvation experiment is publically available via the Gene Expression Omnibus (accession number GSE44168). Previous data collected from mesenchymal progenitor cells conforming to micropatterns that induced the cells to form obtuse versus acute morphological angles suggested that cell morphology controls lineage specification. Although endothelial cells are terminally differentiated, we aimed to determine whether such distinct morphological as well as polarity changes might influence the endothelial transcriptome. By excluding the nonrestricted conditions from the analysis, we compared the gene expression changes between only the micropatterned endothelial cells adhering to crossbow, disc, H, L and Y shapes to examine whether distinct cellular morphology can affect endothelial gene expression patterns. As shown in Fig. 5B ,C and Table 2 , gene expression changes did not significantly vary based on the particular shape, actin patterning or polarity to which the cells conformed. Indeed, statistical analysis of the genomic data set failed to reveal a single two-fold or greater (P < 0.05) alteration in gene expression between any of the cell shapes. These data suggest that, unlike mesenchymal stem cells whose phenotype can be modulated by cellular angularity, endothelial cells grown under these unique geometric constraints do not differ in their global gene expression patterns. Cumulatively, our data indicates that morphological constraint, rather than cellular angularity and polarity, alter the global transcriptome under these conditions.
Pathway analysis of the morphology induced transcriptome changes
We next implemented a systems level approach to understand how geometric constraint may affect the overall cellular phenotype. Our initial analysis reported above included two-fold or greater changes in gene expression, yet, for this network analysis, we broadened our microarray data set (from the standard growth condition experiment) to include the 1.4-fold or greater statistically relevant (P < 0.05) changes in gene expression. This cut-off was selected not only to refrain from limiting our network analysis to solely the highest expression changes, but also to take into account transcriptional changes that were less pronounced but still relevant with regard to modulating cellular physiology. This resulted in~8% of the human genome experiencing changes in gene expression (642 up-regulated genes and 1218 down-regulated genes). We then performed METACORE pathway analysis of these gene expression changes to predict significant alterations in major cellular processes, including cell cycle regulation (P < 3.3 9 10 À8 ) (Table 3) , cytoskeletal dynamics and cell adhesion (P < 4.2 9 10 À5 ) ( Table 4) , glycolysis/gluconeogenesis (P < 2.7 9 10 À4 ) ( Table 5 ), TGFb signalling (P < 1.6 9 10 À3 ) ( Table 6) and wingless-type (Wnt) signalling (P < 1.6 9 10 À3 ) ( Table 7) . Because TGFb signalling has been shown to play a major role in arteriosclerotic disease progression, we confirmed our microarray data utilizing quantitative PCR to detect the shape-induced alterations in mRNA expression levels of the TGFb signalling genes SMAD6, SMAD7 and TGFB2, as well as several genes 
Discussion
The interplay between the physical, chemical and biological cues to which cells are constantly exposed modulates processes ranging from those as broad as cellular lineage determination to those as subtle as the functional nuances between two adjacent cells. Despite the number of studies addressing this area of research, the molecular mechanisms by which these cues synergize is largely unknown. It has been reported that cellular morphology and cytoskeletal angularity greatly influence progenitor lineage specification [14] and that changes in cell shape influence chromatin condensation via nuclear deformation [25] . In the present study, we aimed to determine whether morphological changes in coronary artery endothelial cells could affect the global patterns of gene expression. Understanding how cell shape change affects the coronary artery endothelial cell transcriptome may allow us to better understand the molecular aberrations that underlie coronary artery disease. The present study made use of micropatterned growth substrates that force cells to conform to precise geometric shapes. Although micropatterned cell growth has been utilized in a limited number of studies, there is little evidence that such techniques consistently lead to morphological and cytoskeletal patterns that are highly reproducible and truly unique between different micropatterns. We utilized pattern recognition algorithms and statistical analysis to confirm that cells conforming to the crossbow, disk, H, L or Y shapes had truly reproducible cellular morphology and cytoskeletal architecture unique for each cell shape adopted. Given that most analysis of cytoskeletal organization in the available literature is qualitative in nature, this algorithm can be extensively used in the future to provide quantitative interpretations of the differences in both static (as we have analyzed) and dynamic cytoskeletal structures between two or more treatment groups. Upon demonstrating the reproducibility and applicability of micropatterns to control cellular morphology, we utilized microarray technology to analyze how morphological restriction and unique cellular morphologies affect the HCAEC transcriptome. Our data indicate that morphological restriction (i.e. ability of the cell to spread) is a major regulator of endothelial gene expression patterns, as demonstrated by large-scale changes in gene expression after morphological restriction of HCAECs. Our data indicate that morphological restriction via micropattern adherence greatly increases the incidence of nuclear deformation in HCAECs. Given that large-scale cell shape changes results in a drastic condensation of chromatin as a result of lateral compressive force-induced nuclear orientation shifts and deformation [25] , it is possible that restricting cell spreading affects the dynamic genome architecture in the nuclear space, thus regulating gene expression by modulating the geometric constraints that regulate dynamic chromatin positioning. We suspect that shapeinduced gene expression changes are more complex than simply a consequence of nuclear deformation given that the transcriptome between each of the micropatterned shapes was remarkably similar, whereas the level of nuclear deformation varied drastically between the individual micropatterns. Indeed, although distinct cell shapes and cytoskeletal patterning have been reported to regulate mesenchymal progenitor lineage determination and endothelial cell chromatin condensation [14, 25] , we were very surprised to discover that shape induced gene expression patterns were remarkably constant across all altered cellular morphologies tested relative to each other. Moreover, considering a recent study suggesting that cell geometry does not regulate the adipogenic differentiation of mesenchymal stem cells [15] , further follow-up studies are needed to determine how cellular geometry affects the phenotype of different cell types. Our data do not necessarily contradict the report of shape-induced differentiation in mesenchymal progenitor cells [14] but, instead, suggest that there are varying levels of responsiveness to morphology driven cellular outputs between different cell types (mesenchymal progenitor versus coronary artery endothelial cells). Cummulatively, our data suggest that the ability of HCAECs to spread (but not necessarily their particular morphology) dictates their genomics patterns. These data build on and corroborate the findings reported in earlier work indicating that endothelial spreading regulates cell fate decisions between proliferation and death [8, 11] .
Bioinformatics analysis of the microarray data revealed that the largest functional groupings of genes whose expression was altered upon morphological restriction were those involved in cell cycle regulation (30 genes) and cytoskeletal dynamics/cell adhesion (34 genes). Within the identified cell cycle regulators, a number of genes were strongly involved in spindle assembly, cell cycle phase transition, nucleocytoplasmic transport of cyclins and cyclin-dependent kinases, and chromosome condensation. With the exception of one gene (H1F0, which encodes for a histone protein), the expression the identified cell cycle-related genes was down-regulated, including the major cell cycle promoters CDK6, CCNA1, CCNB2, CCND2 and CCND3. Considering the previously proposed impact of cell shape on chromosome condensation, we were intrigued at the down-regulation of genes involved in DNA accessibility, including condensin (NCAPG), topoisomerase II a (TOP2A), histone H3 (H3F3B) and histone H1 (H1F0). These particular changes could have a role in modulating global gene expression, lineage specification and the cellular physiology of endothelial cells and their progenitors. In mesenchymal progenitor cells, it has been reported that shape-induced contraction enhances c-Jun N-terminal kinase and extracellular-related kinase 1/2 activity in conjunction with wingless-type signalling [14] . Pathway analysis of the microarray data from the shape confirmed that HCAECs revealed shape-induced alterations in the expression of genes involved in Wnt signalling (up-regulation of TCF4 and down-regulation of RUVBL2, SNAI2, FZD4 and DKK1) and an up-regulation in JUN expression, indicating that similar changes in these signalling pathways likely occur when the endothelial cell morphology is altered. Additionally, the expression of several genes encoding members of the TGFb signalling cascades was altered upon changes in HCAEC shape, including the ligands BMP2, BMP4 and TGFB2, the type II receptor BMPR2, and the signalling effectors SMAD6 and SMAD7. Given that aberrant TGFb signalling is critically implicated in the progression of coronary artery disease and arteriosclerosis [31] , it is possible that endothelial cell shape changes could initiate and/or exacerbate disease progression via alterations in the expression of key genes involved in these processes.
Materials and methods
Cell culture and treatments
Primary cultures of human coronary artery endothelial cells (HCAECs; < 5 passages; #PCS-100-020; ATCC, Manassas, VA, USA) were cultured in vascular cell basal media ) plus controls were contained on the same chip or plate to reduce experimental variability.
Immunofluorescence
Micropatterned coverslips (Cytoo Inc.) were fixed in fresh 4% paraformaldehyde, blocked in 5% BSA plus 0.5% Tween-20, and incubated with 1 : 200 phospho-FAK (#3283; Cell Signaling, Danvers, MA, USA) antibody, 1 : 350 rhodamine-conjugated phalloidin (Cytoskeleton Inc., Denver, CO, USA) and 1 : 1000 DAPI. Anti-phospho-FAK was labelled with a FITC-conjugated secondary antibody and immunofluorescent images were captured in 0.1-lm Z-stacks using a C2SI scanning laser confocal microscope (Nikon, Tokyo, Japan). Images were equivalently processed in NIKON ELEMENTS 3.2, surface rendering images were obtained using IMARIS, version 6.0 (Bitplane AG, Zurich, Switzerland) and three-dimensional deconvolution was performed using Autoquant X3 (Media Cybernetics, Inc., Bethesda, MD, USA).
Quantification of actin fibre length
For each analysis, 11-14 images of each shape from the actin immunofluorescent images were utilized. Images were initially preprocessed by implementing contrast-limited adaptive histogram equalization, which enhances the contrast of the image in small regions rather than as a whole [32] (Fig. 2B) . Images are rotated to have consistent orientation of the micropattern for all analyses. For automatic detection of actin fibres, we utilized the FIBERSCORE algorithm reported by Lichtenstein et al. [29] , which bases the segmentation of fibres on the probability that a pixel neighbourhood belongs to a fibre. The output of the FIBERSCORE algorithm comprises a correlation image (Fig. 2C) , which indicates pixels with higher probability of belonging to a fibre, and an orientation image (Fig. 2D) , which indicates the orientation of the fibre at each pixel location. To remove fibres from the resulting FIBERSCORE output that are less correlated than other image regions, we performed a two-step post processing method: (a) remove pixels with correlation values below a predetermined threshold (Fig. 2E ) and (b) skeletonize the fibre structures with combinations of the basic morphological operations erosion and opening [32] (Fig. 2F) . The skeletonization process removes repetitive information within each detected fibre. Individual and median fibre lengths were obtained by measuring the processed fibre length in the skeletonized images.
Quantification of actin fibre orientation
For analysis of actin fibre orientation, each image was divided into nine separate tiles in the form of a 3 9 3 grid, thus providing information on where in the cell certain distributions of angles occur. Tiling allows for the option of local subcellular measurements of actin orientation, at the same time as gathering all information in the tiles provides a measure of the entire cell. For quantitative analysis of the 3 9 3 tiling, we implemented the two-sample KS test [30] to compare cell images within a single shape in terms of overall fibre orientation distributions. We used the KS test in two different methods to calculate the amount of difference between the distributions of fibre angles. In the first method, we compared the entire individual image to the cumulative tiling, providing a measure of the overall global difference in fibre distributions. The second method compared an individual image with the cumulative shape image on a tile-by-tile basis, providing a local measure of the 
Gene expression analysis
For each shape tested, as well as the nonrestricted controls,~5000 HCAECs were grown in each well of a 96-well micropatterned plate. This was replicated in 16 independent wells per shape to minimize experimental error. Total RNA for each shape was isolated using the Purelink RNA Micro kit (Invitrogen, Grand Island, NY, USA) after 24 h of the cells adhering to the substrate. The isolated RNA from the replicates (5000 cells per shape multiplied by 16 independent replicates) were pooled, amplified and biotin-labelled using an Illumina TotalPrep RNA Amplification Kit (Illumina, San Diego, CA, USA). Some 750 ng of biotinylated aRNA was then briefly heat-denatured and loaded onto expression arrays to hybridize overnight. Following hybridization, arrays were labelled with Cy3-streptavidin and imaged using the Illumina ISCAN. Intensity values were transferred to GENESPRING GX software (Agilent Technologies Inc., Santa Clara, CA, USA) and data were filtered based on the quality of each call. Statistical relevance was determined using analysis of variance with a Benjamini Hochberg false discovery rate multiple testing correction (P < 0.05). Data were then limited by fold change analysis to statistically relevant data points demonstrating a two-fold or greater change in expression. Omics pathway analysis was performed with METACORE software (GeneGo, San Diego, CA, USA). Microarray data were publically deposited in Gene Expression Omnibus (standard growth conditions = accession number GSE43349; Serum starvation conditions = accession number GSE44168). For confirmation of microarray results, RNA from normal-and crossbow-shaped cells was converted to cDNA using the Verso cDNA kit (Thermo-Scientific, Waltham, MA, USA) and quantitative PCR was performed using SYBR Green probes (Invitrogen) with an ABI7900HT real-time PCR instrument (Invitrogen).
